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Metal nanoparticles are effective for remediation of contamination with a range of compounds including chlorinated organics. 
However, the sorption process of the passivation oxide layers on the metal nanoparticle surfaces may result in incomplete degra-
dation of contaminants. This phenomenon can be prevented by an acidic washing procedure or reaction in an acidic medium. In 
this paper, nickel nanoparticles manufactured via the carbonyl powder process were analyzed using scanning electron microscopy, 
transmission electron microscopy, X-ray diffraction and energy-dispersive X-ray spectroscopy. The sorption and degradation of 
2,4-dichlorophenol (2,4-DCP) by nickel nanoparticles under acidic conditions was then investigated. Transmission electron mi-
croscopy and XRD results showed that the nickel nanoparticles range in size from 10 to 20 nm, and a thin passivation layer of 
NiO is present on the surface. This oxide layer can be removed by pretreatment washing with acidic solutions. It was indicated 
that dechlorination was the key reaction pathway for degradation of 2,4-DCP by nickel nanoparticles under acidic conditions. The 
main degradation products were 4-Chlorophenol, 2-Chlorophenol, and Phenol, and among these, Phenol was dominant. The acidic 
medium promoted degradation by providing an appropriate pH, and H+ may be involved in the reaction. Dechlorination of 
2,4-DCP by nickel nanoparticles under the acidic condition follows the second order kinetic model, and the rate constants at 298, 
306, 316 K are 0.02, 0.2 and 0.3 (g L h)
1, respectively. 
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Metal nanoparticles, especially those of iron, offer many 
advantages for remediation of contamination with chlorin-
ated organic pollutants because of their small particle size, 
large specific surface area [1,2], excellent adsorption and 
high reduction reactivity [3]. In recent years, nanoscale 
zero-valent iron has been used for the treatment of envi-
ronmental pollution [4,5]. It is a very effective reducing 
agent for dehalogenation and can catalytically reduce vari-
ous halogenated organics into non- or low-toxic compounds, 
including the persistent organic pollutants chlorohydrocar-
bons [6,7], chloroaromatics [8], chlorophenol [9], organochlo-
ride pesticides (OCPs) [10] and polybrominated diphenyl 
ethers (PBDEs) [11].  
The industrial carbonyl powder process is a metal pow-
der refining technology with high selectivity that produces 
metal powder by pyrolysis of organometalic carbonyl com-
pounds. This method is mainly used in iron and nickel metal 
powder preparation, and produces high purity metal pow-
ders that could be used in environmental remediation. Hou 
Chunfeng et al. [12]. investigated the degradation of 2,4- 
dichlorophenol (2,4-DCP) by nanoscale iron ultrafine car-
bonyl powders, and found that without activation by wash-
ing with acidic solutions, 2,4-DCP was mainly removed by 
adsorptive process of oxide passivation layers on the parti-
cle surfaces. Also, no degradation products were detected by 
high-performance liquid chromatography (HPLC). However, 
the high adsorption capability of metal nanoparticles has 
both advantages and disadvantages. While adsorption fa-
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cilitates dehalogenation, it is also the main contributor to 
incomplete degradation of halocarbons. The persistent or-
ganic pollutants adsorbed on nanoscale metal particle sur-
faces may be present for a very long time in the environ-
ment and be transferred long distances with the metal 
nanoparticles in water bodies, leading to the mass diffusion 
of pollutants. Previous research showed that sorption was 
mainly because of oxide layer formation during the reaction, 
and acidic conditions could limit the formation of oxide 
layers [13]. 
Because iron nanoparticles can be oxidized when ex-
posed to air and spontaneous combustion may occur during 
storage [14], controlled oxidation of iron is usually per-
formed in the manufacturing process to produce a passiva-
tion layer and allow the collection of ultrafine carbonyl 
powders as the final product. This leads to large mass loss 
in the acid-washing procedure during application of the 
nanoparticles. By comparison, even with only very thin ox-
ide layers on their surfaces, nickel nanoparticles are less 
reactive than those of nanoscale iron. However, they still 
share similar physicochemical properties. In this study, 
nickel nanoparticles manufactured via the carbonyl powder 
process were characterized by scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), X-ray 
diffraction (XRD) and energy-dispersive X-ray spectros-
copy (EDS). The sorption and degradation of 2,4-DCP by 
nanoscale nickel under acidic conditions was studied to de-
termine the dechlorination mechanism and explore the po-
tential of nanoscale nickel for environmental remediation. 
1  Materials and methods 
(i) Reagents and materials.  2,4-DCP (Sinopharm Chemical 
Reagent Corporation, Shanghai, China), phenol standard 
solution (National Institute of Metrology, Beijing, China), 
methanol (Fisher Scientific, Fair Lawn NJ), and purified 
water (Wahaha Group, Tianjin, China) were obtained for 
this study. A combined 0.45 m fibrous microfiltration 
membrane was purchased from Beijing Shenghe Chengxin 
Membrane Science and Technology Development Center 
(Beijing, China) and used for all solid/liquid phase separations. 
Nickel nanoparticles manufactured by thermolysis and va-
por deposition of nickel carbonyl under N2 were obtained 
from the Central Iron and Steel Research Institute (Beijing, 
China). All reagents used in this study were analytical 
grade.  
(ii) Characterization of nickel nanoparticles.  The nickel 
nanoparticles were characterized by powder XRD on a D/ 
Max-RC diffractometer (Rigaku, Tokyo, Japan) using Cu 
K radiation (=1.5418 Å). XRD data on the crystallinity 
of nickel nanoparticles were collected in scan mode with a 
step length of 0.033 and a scan angle of 5°–100°. The ac-
celerating voltage and the applied current were 40 kV and 
40 mA, respectively. The specific surface area, aperture and 
volume were measured by the N2/BET method (ASAP 2000, 
Micromeritics, Norcross, GA). Before analysis, samples 
were pretreated at 90°C for 1 h and at 350°C for 3 h. Mor-
phology and shape of the nickel nanoparticles were observed 
by TEM. Before TEM observation, the nickel nanoparticles 
were dispersed in ethanol solution by ultrasonic agitation. 
The suspensions were dropped onto copper grids coated 
with a perforated carbon film. The grids were dried in air at 
room temperature and examined on S-570 TEM (Hitachi, 
Tokyo, Japan). The apparent particle size distribution in 
aqueous suspension was determined by a particle size ana-
lyzer (Mastersizer 2000, Malvern, Worcestershire, UK). 
The elemental composition of the surface of the nickel 
nanoparticles was analyzed by EDS using S-3000N SEM 
(Hitachi, Tokyo, Japan) equipped with an energy dispersive 
X-ray detector (USA).  
(iii) Degradation of 2,4-DCP by nickel nanoparticles 
without acid-wash pretreatment.  Batch experiments were 
carried out in 200 mL conical flasks sealed with parafilm. 
The nickel nanoparticles (15 g/L) without acidic washing 
were ultrasonically dispersed for 20 min in water and used 
for 2,4-DCP degradation experiments. 5 mg/L 2,4-DCP of 
concentrations were applied in the experiments. Three par-
allel samples were taken and control samples were prepared 
without adding the nickel nanoparticle powders. All flasks 
were placed on a thermostatic orbital shaker (HZQ-C, 
Harbin, China) at 33±2°C and shaken at 200 r/min for a set 
time. At each sampling time, an aliquot was taken from 
each flask and solid/liquid phase separation was performed. 
The supernatant solutions were analyzed for 2,4-DCP and 
its dechlorination products. 
(iv) Degradation of 2,4-DCP by nickel nanoparticles un-
der neutral and acidic conditions after acid-wash pretreat-
ment.  An oxide layer is usually present on nickel nanopar-
ticle surfaces because of the manufacturing process. A pas-
sivation step is usually included to collect the ultrafine car-
bonyl powders as the final product. Therefore, acid-wash 
pretreatment is required to remove the oxide passivation 
layers when nickel nanoparticles are applied. According to 
initial experiments, treatment with dilute sulfuric acid 
(H2SO4) may result in loss of approximately 15% of the 
nickel, and this was taken into account in the calculation of 
its dose for the experiments. Nickel nanoparticle suspen-
sions were pretreated as follows: appropriate amounts of 
nickel nanoparticles were weighed and transferred to coni-
cal flasks, H2SO4:water (1:200, v/v) was added to the flasks, 
the flasks were stirred on a magnetic stirrer (90-4, Shanghai 
Zhenrong Scientific Instruments Co., Shanghai, China) for  
1 h, and the nickel particles were washed with purified wa-
ter several times to remove any residual acidity after the 
acid treatment. The samples were then diluted with purified 
water to obtain nickel nanoparticle suspensions at the re-
quired concentrations. 
Samples for 5 mg/L 2,4-DCP degradation experiments 
were then prepared and analyzed as in Section (iii), but the 
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samples were shaken at three different temperatures (25± 
2°C, 33±2°C, and 43±2°C), respectively. 
After the acid-wash experiments, the nickel nanoparticles 
were washed with ultrapure water to be used in an experi-
ment under neutral conditions. As for the experiment under 
acidic conditions, solution of H2SO4:water (1:200, v/v) was 
added dropwise to maintain the pH at 3–4. 
Chlorinated phenols in the samples were quantified by 
using Waters 1525 Binary Pump HPLC equipped with a 
2487 detector and C18 column (Waters Co., Milford, MA). 
A mixture of methanol and water (70:30, v/v) was used as 
the mobile phase at a flow rate of 1.0 mL/min. The sample 
loop was 20 L. The compounds were detected using a UV 
detector at 280 nm. 
(v) Desorption of 2,4-DCP and phenol from nickel 
nanoparticles.  To examine the sorption characteristics of 
2,4-DCP and its dechlorinated products by nickel nanopar-
ticles, desorption experiments were performed with the 
2,4-DCP or phenol loaded nickel nanoparticles. After the 
loading experiment by 2,4-DCP or phenol the nickel 
nanoparticle suspensions were separated by centrifugation. 
Ultrapure water (200 mL) was added to the solid phase and 
mixed for desorption experiments under the same condi-
tions. At each sampling time, an aliquot was taken from 
each flask and solid/liquid phase separation was performed. 
The supernatants were analyzed for 2,4-DCP or phenol 
concentrations. 
2  Results and discussion 
2.1  Characterization of the nickel nanoparticles 
Morphology, particle size and composition are important in 
determining the chemical and physical properties of nanoparti-     
cles. These fundamental characteristics of the nickel nanopar-     
ticles were investigated using the BET specific surface area, 
TEM, XRD and EDS analysis. 
(i) Morphology and BET specific surface area.  SEM 
and TEM images of the nickel nanoparticles are shown in 
Figure 1. The SEM image was obtained directly from a 
sample of nickel ultrafine powders without dispersion in 
any solvent, while the TEM observation was of nickel  
 
Figure 1  SEM (a) and TEM (b) micrographs of the nickel nanoparticles. 
nanoparticles dispersed in ethanol. The SEM micrograph 
with low magnification showed that the nickel nanoparticles 
formed large ball-like clusters, and chain-like aggregates of 
individual spherical particles are obvious from the close-up 
TEM image. The individual spherical particles were on av-
erage 10–20 nm in diameter. The BET specific surface area 
was 32.40 m2/g, which is nearly four times larger than that 
for the iron particles made from the same carbonyl powder 
process (7.075 m2/g) and 30 times larger than normal mi-
croscale iron particles (0.9 m2/g [5]). 
(ii) Composition and structures.  The structure of nickel 
nanoparticles and their phase composition were investigated 
by XRD and EDS, respectively. Figure 2 shows the XRD 
patterns of nickel nanoparticles. Four diffraction peaks (2) 
were identified at 44.498°, 51.877°, 76.457° and 93.106°, 
respectively. Bragg’s law is expressed as n=2dsin, where 
n is an integer and in this case n=1,  is the wavelength of 
the incident radiation, d is the spacing between the planes in 
the atomic lattice, and  is the angle between the incident 
radiation and the scattering planes. Using Bragg’s law the d 
spacings between the crystal faces were calculated at 2.034, 
1.760, 1.245 and 1.061 Å for the 44.498°, 51.877°, 76.457° 
and 93.106° peaks, respectively. Referring to XRD patterns 
of standards these peaks were assigned to the diffraction 
111 (2.035 Å), 200 (1.762 Å), 220 (1.246 Å) and 311 (1.063 
Å) crystal faces of the face-centered cubic lattice of nickel. 
The two minor peaks (2) at 37.282° and 63.563° were 
attributed to the diffraction of NiO; however, these diffrac-
tion peaks were extremely weak, which indicates that the 
nickel nanoparticles used in this investigation had a very 
low content of NiO. This also implies that a very thin oxide 
passivation layer is present on the nickel surface.  
The Scherrer formula is expressed as  =K/cos, 
where K is the shape factor,  is the X-ray wavelength 
(0.15405 nm),  is the line broadening in radians at half the 
maximum intensity,  is the Bragg angle, and  is the mean 
size of the ordered (crystalline) domains. The shape factor is 
a somewhat arbitrary value that falls between 0.87–1 de-
pending on the particle grain size, and is used to correlate 
 
Figure 2  XRD patterns of the nickel nanoparticles. 
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the size of sub-micrometer particles, or crystallites, in a 
solid to the broadening of a peak in the diffraction pattern. 
The grain size of nickel nanoparticles was calculated to be 
11.3085 nm using the Scherrer formula, which agrees with 
the 10–20 nm diameter obtained by TEM. 
EDS analysis was performed on the nickel nanoparticles 
to confirm their composition. A large nickel signal was de-
tected with minor contributions from O and C (Table 1). 
The mass ratio of C:O:Ni was 3.11:4.40:92.49, and the 
corresponding atomic ratio was 12.28:13.04:74.68, indi-
cating that a NiO layer and carbon atoms were present in 
the sample, which are associated with the manufacturing 
process of nickel nanoparticles.  
2.2  Comparison of 2,4-DCP degradation by nickel 
nanoparticles under different conditions 
The effects of oxide layers and solution pH on the dechlo-
rination of 2,4-DCP were investigated with a series of ex-
periments. Three systems with different media and reaction 
conditions were used. In the first, ultrafine nickel powders 
without acid-wash pretreatment were used directly in the 
dechlorination of 2,4-DCP after dispersion in solution, 
while in the other two cases the nickel nanoparticles were 
activated by washing with acidic solutions. The so-called 
neutral conditions were applied after the activated nanoscale 
nickel suspension was subsequently washed with ultrapure 
water to the neutral pH value. The third system was ob-
tained by adding dilute sulfuric acid to the activated nickel 
nanoparticle suspension dropwise to adjust and maintain the 
pH at 3–4 (acidic conditions) in the dechlorination reaction. 
The concentrations of 2,4-DCP and its removal rates with 
reaction time by nickel nanoparticle suspensions under the 
three different conditions are presented in Figure 3. Figure 
3(a) and (b) shows the results for nickel nanoparticles with-
out acid-wash pretreatment and Figure 3(c) and (d) is for the 
two suspension systems after acid-wash pretreatment. The 
2,4-DCP concentration decreased with reaction time, 
especially for those in acidic conditions. In this case, the 
2,4-DCP concentration was reduced to almost zero within a 
few hours. For the nickel nanoparticles without acid-wash 
pretreatment and for the neutral conditions, however, the 
concentration changed relatively slowly and some fluctua-
tions occurred with the equilibration reached in about 20 h. 
A 5 h period of hysteresis was evident for 2,4-DCP adsorp-
tion by nickel nanoparticles without acid-wash pretreatment 
Table 1  EDS results for the nickel nanoparticles 
Elements wt% at% 
C 3.11 12.28 
O 4.40 13.04 
Ni 92.49 74.68 
before significant removal began, which was probably be-
cause of the hydrophobic nature of nickel nanoparticle sur-
faces and the thin oxide layers thereon. Close-up figures in 
the initial 5 h period were given in the insets of Figure 3(a) 
and (b) to show more details. About 40% of 2,4-DCP re-
moval was obtained in this case. By contrast, the neutral 
suspension system after acid washing gave up to 70% of 
2,4-DCP reduction that would decrease as the reaction con-
tinued. In both these cases, no 2,4-DCP degradation prod-
ucts were detected by HPLC over the entire experimental 
period. For the nickel nanoparticle suspension under acidic 
conditions (pH 3–4), the 2,4-DCP concentration decreased 
rapidly and large quantities of degradation products of phe-
nol etc. were detected. This indicates that acidic conditions 
can largely promote the dechlorination reaction and result in 
complete removal of 2,4-DCP. 
To further evaluate the sorption of 2,4-DCP by nickel 
nanoparticle suspensions in the above three different sys-
tems, desorption experiments were performed on the loaded 
nickel nanoparticles after separation by centrifugation. The 
results are presented in Figure 4. As can be seen, 2,4-DCP 
was obviously released from the nickel nanoparticles for 
both the neutral suspension and the one without acid-wash 
pretreatment while for the loaded nickel nanoparticles under 
acidic conditions only trace amounts of 2,4-DCP were de-
tected in the desorption solution. This is consistent with the 
adsorption process and confirms an incomplete degradation 
in the former two systems. 
From the desorption experiments, characteristic features 
of 2,4-DCP desorption from nickel nanoparticle suspensions 
were obvious. In the first, not all the adsorbed 2,4-DCP was 
released into the solution, and only about 25% of it can be 
desorbed from the solid phase. The release of 2,4-DCP from 
the loaded nickel nanoparticles was very fast and its con-
centration reached maximum levels very quickly. For the 
nickel nanoparticles without acid-wash pretreatment, a rela-
tively large fluctuation in the concentration of released 
2,4-DCP was observed, which implies that multiple com-
petitive interfacial reaction processes are involved. By 
comparison, for the nickel nanoparticles in the neutral sys-
tem, the released 2,4-DCP concentration was stable over 
most of the desorption period. The trace amounts of 2,4- 
DCP released into the solution indicates that complete deg-
radation occurred under acidic conditions.  
According to adsorption theory, both physical and chemical 
mechanisms may be involved in the sorption process of 
2,4-DCP by nickel nanoparticles. The small fraction that 
was released into the solution when the loaded nickel 
nanoparticles were re-suspended in water for desorption 
(Figure 4) was probably due to the physical process. 
However, the majority of 2,4-DCP taken up by the nickel 
nanoparticles were not released easily, and most of them 
would combine with the nanoparticles by a chemical inter-
action. Previous studies using Fourier transform infrared 
analysis demonstrated that chlorophenols can be bound to 
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Figure 3  Residual concentration and removal rate of 2,4-DCP by nickel nanoparticles without acid-wash pretreatment (a) and (b) and after acid-wash 
pretreatment (c) and (d) of the nanoparticles.  
 
Figure 4  Desorption of 2,4-DCP from the loaded nickel nanoparticles in 
three different systems. 
zero valent iron (ZVI) and its oxide surfaces through coor-
dination of their functional groups, and is not removed by 
washing with water or through the degradation process. 
However, the presence of acid in the system largely facili-
tates the removal of chlorophenols by the dechlorination 
process.  
In summary, during the uptake of 2,4-DCP by nickel 
nanoparticles in the three suspension systems, the removal 
of 2,4-DCP by untreated nickel nanoparticles was mainly by 
the adsorption process. By comparison, for nickel nanopar-
ticles after acid-washing and under acidic conditions (pH 
3–4), the dechlorination reaction was dominant. In general, 
nickel nanoparticles without acid-wash pretreatment usually 
have low reactivity in the dechlorination of 2,4-DCP, and 
the removal of 2,4-DCP was mainly by the adsorption of 
NiO passivation layers on their surfaces. Acid washing for 
activation removes the oxide layers and exposes large areas 
of fresh zero-valent nickel (Ni0) surfaces to the solution. 
This greatly improves the 2,4-DCP degradation reactivity 
because of the strong reduction of Ni0. As the reaction con-
tinues, the solution pH increases and corrosion products of 
nickel hydroxides and/or oxides are formed on the particle 
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surfaces, where the surface reactive sites are gradually oc-
cupied, leading to an incomplete dechlorination reaction. In 
the acidic system, the solution pH was adjusted by continu-
ously adding H2SO4 to maintain the pH value of 3–4. In this 
way, accumulation of oxide layers on the particle surfaces is 
effectively blocked. The exposure of fresh surfaces and the 
high reactivity of nickel nanoparticles with a continuous 
supply of H+ by H2SO4 both contribute to accelerating com-
pletion of the dechlorination reaction of 2,4-DCP.  
The adsorption process is an important pathway for the 
uptake and removal of chlorophenol and chlorinated ethyl-
ene compounds in metal nanoparticle applications [16,17], 
and adsorption of chlorinated ethanes to graphitic inclusions 
in cast iron powders has been observed [18,19]. In the pre-
sent study, nickel nanoparticles were produced via the car-
bonyl powder process, which introduced a small quantity of 
carbon to the nanoparticles (Table 1). Thus, the uptake and 
removal of 2,4-DCP by nickel nanoparticles in the neutral 
system may be because of a similar mechanism, in which 
adsorption by carbon components and nickel oxides are 
dominant. 
2.3  Adsorption and dechlorination of 2,4-DCP by nickel 
nanoparticles under acidic conditions at different   
temperatures 
As a solid-liquid two-phase reaction, there are three steps 
involved in the dechlorination of 2,4-DCP by nickel 
nanoparticles. First, the mass transfer of 2,4-DCP from so-
lution to the metal surface of nickel. This is followed by 
adsorption and dechlorination of 2,4-DCP on the nickel 
surface. And finally, the dechlorination products desorb 
from the nickel surface and diffuse into the bulk solution. 
As all batch experiments in this investigation were carried 
out on a thermostatic orbital shaker with full agitation, the 
mass transfer control as in the first and third steps can be 
ruled out as governing the reaction rate. The adsorption 
process of 2,4-DCP on nanoscale nickel in the second step 
also proceeds easily. Therefore, dechlorination is likely the 
rate-determining step for the degradation of 2,4-DCP by 
nickel nanoparticles. The solution pH and temperature are 
two major factors known to influence the dechlorination 
reaction. It has been shown that the solution pH with 
nanoiron system changes slowly while that with nickel 
nanoparticles goes up rapidly, which implies that H+ ions 
are extremely consumed in the latter. Consequently, we 
further investigated the adsorption and dechlorination of 
2,4-DCP by nickel nanoparticles under acidic conditions.  
Figure 5 shows the concentration and removal of 2,4- 
DCP under acidic conditions at three different temperatures 
of 298 K, 306 K, and 316 K, respectively, along with the 
H2SO4 consumption and comparison with the blank control. 
The changes in the concentration and removal rate of 
2,4-DCP with reaction time are illustrated in Figure 5(a) and 
(b). Under acidic conditions, 99% of 2,4-DCP was removed 
in less than 5 h at the room temperature. The removal and 
reaction rates increased rapidly as the temperature increased. 
Complete removal was obtained within 3 h at 306 K. At 316 K, 
90% removal was achieved in only 30 min and complete 
removal within 2 h. Figure 5(c) compares 2,4-DCP concen-
trations in both the nanoscale nickel and blank control sam-
ples under acidic conditions. The acidic consumption at the 
three different temperatures is given in Figure 5(d), and the 
volume of H2SO4 required to maintain the pH at 3–4 in-
creased with temperature and the 2,4-DCP removal. The 
introduction of H2SO4 obviously promoted degradation by 
optimizing the solution pH for dechlorination. Dissociated 
H+ was also involved in the reaction. Dechlorination prod-
ucts such as 2-chlorophenol, 4-chlorophenol, and phenol 
were detected during the reaction, and phenol was the 
dominant product (Figure 6). The chemical reaction of 
2,4-DCP on the nickel surface increased with temperature 
and this accelerated the entire dechlorination process. The 
dechlorination efficiency of 2,4-DCP under acidic condi-
tions was very high with complete removal obtained after a 
few hours. 
The kinetics of 2,4-DCP dechlorination by nickel 
nanoparticles under acidic conditions were evaluated using 
linear plots of 1/C1/C0 versus reaction time at the three 
different temperatures (Figure 7). The second order rate law 
fit the data very well, and it can be expressed as follows: 
dC/C2=kdt, or in the integrated form as: 1/C=kt + 1/C0, 
where C is the 2,4-DCP concentration in the reaction system, 
C0 is its initial concentration, t is reaction time, and k is the 
rate constant, which can be obtained from the slope of graph. 
The rate constants for 2,4-DCP dechlorination at 298, 306, 
and 316 K were calculated at 0.02, 0.2, and 0.3 (g L h)
1, 
respectively. The parameters for linear regression equations 
are shown in Table 2. In the neutral system, a pseudo-first- 
order reaction was demonstrated with its rate constants of 
0.0244, 0.0379 and 0.107 h1 at the three different tempera-
tures, respectively. This indicates that the addition of H2SO4 
promotes 2,4-DCP dechlorination to become a second order 
reaction, which agrees with the results as given in Figure 5. 
A previous study [19] suggested that dechlorination of 
2,4-DCP by nickel nanoparticles proceeds mainly via the 
following three pathways: (1) the nickel nanoparticles react 
with H+ to produce atomic H; (2) the atomic H reduces 2,4- 
DCP to the degradation products; and (3) as the reaction 
proceeds and the acid is consumed, nickel ions react with 
OH and form a sediment coated on the particles, which 
leads to formation and accumulation of hydroxide/oxide 
layers on the particle surfaces and this stops nickel nanopar-
ticles from reacting further. At the same time, the coated 
oxide layers may adsorb the reactants to some extent, and in 
this case, reduction will not occur, which results in incom-
plete degradation. Dechlorination of 2,4-DCP occurred mainly 
by reductive addition of atomic hydrogen under catalysis by 
zero-valent metal nanoparticles. However, H2 by itself is an 
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Figure 5  The concentration (a) and removal (b) of 2,4-DCP by nickel nanoparticle suspensions under acidic conditions at three different temperatures of 
298 K, 306 K, and 316 K, respectively, along with comparison of the 2,4-DCP residual concentration (c) for the nickel nanoparticle suspension and control 
blank and the volume of acid (1:200 in v/v ratio of H2SO4:water) consumption (d).  
 
Figure 6  Formation of the dechlorination product as phenol at 298, 306, 
and 316 K, respectively. 
inactive reducing agent, and reduction is only possible when 
a catalyst or substrate is available in the reaction system. As 
a widely used hydrogenation catalyst, nickel has a good 
 
Figure 7  Linear plots fitted by the second-order kinetic model for 
2,4-DCP dechlorination by nickel nanoparticles under acidic conditions at 
298, 306, and 316 K, respectively. 
capacity for adsorptive storage of H2 and strong ability to 
break molecular H2 into atomic H. Consequently, it can 
largely accelerate the dechlorination of 2,4-DCP. However, 
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Table 2  Linear regression equation parameters for 2,4-DCP degradation 
by nickel nanoparticles 
T (K) Fitted equation R2 
298 Y = 0.02x 5 × 106 0.9653 
306 Y = 0.2x 2×105 0.9965 
316 Y = 0.3x 5 × 105 0.9714 
 
in the neutral system, the interaction of nickel nanoparticles 
with water to generate atomic H is extremely slow, and this 
results in a low efficiency of dechlorination. While in the 
acidic system, a large quantity of hydrogen is present from 
the acid and it is essential to the dechlorination reaction, 
which will facilitate its adsorptive enrichment and the cata-
lytic function of nickel nanoparticles. The dechlorination 
efficiency is therefore greatly improved. Besides as a proton 
source in the dechlorination, the H2SO4 may also act as fol-
lows: (1) by eroding nickel to expose the fresh surfaces of 
nanoparticles, which will accelerate dechlorination; (2) by 
preventing formation and accumulation of insoluble oxide/ 
hydroxide layers on the particle surfaces; and (3) by pre-
venting adsorption of 2,4-DCP target reactants to the 
loosely bound oxide layers on the surface of nanoparticles, 
which will promote a complete degradation. 
2.4  Adsorption and desorption of phenol as dechlori-
nation product by nickel nanoparticles under neutral 
conditions 
Degradation of 2,4-DCP by nickel nanoparticles usually 
remains at the dechlorination stage, and the ring-opening for 
a further degradation will not occur. Therefore, phenol turns 
out to be as the major degradation product. However, large 
fluctuations in phenol concentration were observed when 
2,4-DCP was dechlorinated in the neutral system, which can 
be attributed to the adsorption of oxide layers on the 
nanoparticles. A further study was then performed to evalu-
ate the uptake and desorption behaviors of phenol by nickel 
nanoparticles. In this case, the initial phenol concentration 
of 2.8 mg/L was used, and the total reaction volume was 
100 mL. 
As can be seen from Figure 8, the uptake of phenol by 
nickel nanoparticles in the neutral system was 20%–35% in 
relation to 0.28 mg of initial phenol. Subsequently, 20% of 
it was further released into the solution during the desorp-
tion process. In this context, the adsorption capacity of 
phenol by nickel nanoparticles was less than 0.1 mg. Ac-
cording to the stoichiometric calculation with complete 
dechlorination of 2,4-DCP, the maximum phenol quantity 
released by the dechlorination process was 0.56 mg in rela-
tion to 1 mg of initial 2,4-DCP quantity. Because the 2,4- 
DCP removal by nickel nanoparticles in the neutral system 
was not very high (< 70%, Figure 3), and quite a large frac-
tion of it will be immobilized via adsorption process. These 
adsorption and desorption processes, competitive together 
with the dechlorination reaction, were involved in the neu-
tral system, and lead to fluctuations and irregular changes in 
the phenol concentration, which was in agreement with our 
experimental results in this section. 
3  Conclusions 
Nickel nanoparticles manufactured by carbonyl powder 
technology have an average size of 10–20 nm in diameter 
with a specific surface area of 32.40 m2/g. Compared with 
iron nanoparticles of similar manufacturing process, oxide 
passivation layers present on nickel are very thin. These 
oxide layers and carbonic inclusions are dominant pathways 
for 2,4-DCP adsorption. 
Acid washing favored the removal of oxide layers and 
increased the 2,4-DCP dechlorination efficiency by nickel 
nanoparticles. Under neutral conditions, however, dechlori-
nation was blocked and incomplete degradation was obvious  
 
Figure 8  Adsorption (a) and desorption (b) of phenol as dechlorination product of 2,4-DCP by nickel nanoparticles under neutral conditions.  
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due to formation and accumulation of hydroxide/oxide lay-
ers on particle surfaces as the solution pH was increased in 
the reaction process. The introduction of H2SO4 can pro-
mote the degradation process by providing appropriate pH 
conditions and a fresh supply of H+ ions in the dechlorina-
tion reaction.  
Dechlorination of 2,4-DCP by nickel nanoparticles was 
greatly improved under acidic conditions (pH 3–4), and 
almost complete removal of 2,4-DCP was reached within  
4 h. Phenol was detected as dominant product in the dechlo-
rination. The degradation reaction was found to follow the 
second order kinetic model, and the rate constants at three 
different temperatures of 298, 306, and 316 K were 0.02, 
0.2 and 0.3 (g L h)
1, respectively.  
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